Cardiac stem cell therapy has shown very promising potential to repair the infarcted heart but is severely limited by the poor survival of donor cells. Nitric oxide (NO) has demonstrated cytoprotective properties in various cells, but its benefits are unknown specifically for human cardiac stem cells (hCSCs). Therefore, we investigated whether pretreatment of hCSCs with a widely used NO donor, diethylenetriamine nitric oxide adduct (DETA-NO), promotes cell survival. Results from lactate dehydrogenase release assays showed a dose-and time-dependent attenuation of cell death induced by oxidative stress after DETA-NO preconditioning; this cytoprotective effect was abolished by the NO scavenger. Concomitant up-regulation of several cell signaling molecules after DETA-NO preconditioning was observed by Western blotting, including elevated phosphorylation of NRF2, NFB, STAT3, ERK, and AKT, as well as increased protein expression of HO-1 and COX2. Furthermore, pharmaceutical inhibition of ERK, STAT3, and NFB activities significantly diminished NO-induced cytoprotection against oxidative stress, whereas inhibition of AKT or knockdown of NRF2 only produced a minor effect. Blocking PI3K activity or knocking down COX2 expression did not alter the protective effect of DETA-NO on cell survival. The crucial roles of STAT3 and NFB in NO-mediated signaling pathways were further confirmed by stable expression of gene-specific shRNAs in hCSCs. Thus, preconditioning hCSCs with DETA-NO promotes cell survival and resistance to oxidative stress by activating multiple cell survival signaling pathways. These results will potentially provide a simple and effective strategy to enhance survival of hCSCs after transplantation and increase their efficacy in repairing infarcted myocardium.
Ischemic heart disease is a common cardiac disorder with great prevalence and mortality worldwide. Current surgical treatment for acute myocardial infarction is relatively effective but invariably induces further cardiomyocyte death by ischemia-reperfusion injury (1) . Stem cells, with the unique capacity of tissue regeneration, have been widely investigated for cardiac repair in the past, although some types of cells showed only negative, transient, or modest effects (2, 3) . The discovery of c-Kit ϩ /Lin Ϫ endogenous cardiac stem cells (CSCs) 2 was striking because of their great potential of differentiating into multiple cell types presented in the heart (4) . Subsequent studies demonstrated that c-Kit ϩ CSCs were proliferative in culture, and delivery of these cells into an infarcted heart improved heart function in various animal models (5) (6) (7) (8) . A recent early clinical trial has announced the beneficial effect of CSC transplantation in patients with better heart function, which holds great promise as a treatment after myocardial infarction (9) . However, there is still space to improve the efficacy: one of the main challenges associated with cell transplantation is the fact that more than 90% of transplanted cells cannot survive within the ischemic heart (8, 10, 11) . Therefore, approaches to enhance CSC survival would lead to great therapeutic implications for patients with ischemic heart disease.
Nitric oxide (NO) is a gaseous signaling molecule that plays important roles in many physiological and pathological processes. It is endogenously biosynthesized from L-arginine, oxygen, and NADPH by nitric-oxide synthase (NOS) enzymes. There are three NOS isoforms: endothelial NOS, neuronal NOS, and inducible NOS. Endothelial NOS and neuronal NOS are constitutively expressed to produce a physiological level of NO, whereas inducible NOS is a stress-inducible protein in response to variable stimuli. NO has been implicated in myriad biological functions and contributes to vascular homeostasis in the cardiovascular system by inhibiting smooth muscle contraction (12) . NO has also been found to function in preventing myocardial ischemia-reperfusion injury (13, 14) . Nevertheless, humans with atherosclerosis, diabetes, or hypertension often exhibit impaired NO pathways, suggesting an important pre-ventive role of NO in cardiovascular disease (15) (16) (17) . At the molecular level, the regulatory functions of NO have been noticed to be associated with several survival signaling molecules, including PI3K/AKT, ERK, NFB, and STAT3 (18 -21) , as well as antiapoptotic genes such as BCL-2, BCL-xL, and MCL-1 (22, 23) . Although the protective effect of NO in the cardiovascular system has been extensively studied, little is known about its active functional roles in CSCs.
Diethylenetriamine nitric oxide adduct (DETA-NO) is a chemical-based NO releaser with a half-life of 20 h. Here we demonstrate that preconditioning human cardiac stem cells (hCSCs) with DETA-NO promotes cell survival and resistance to oxidative stress via activating multiple cell survival signaling molecules. As noted, oxidative stress can be induced by ischemia-reperfusion during cardiac surgery, which is one of the main causes of death of native cardiomyocytes as well as transplanted cells. By pretreating hCSCs with this NO donor, we expect to provide a simple and effective strategy to enhance hCSC survival after cell transplantation and to improve efficacy in cardiac repair for patients with ischemic heart disease.
Materials and Methods
Reagents -Collagenase II was from Worthington Biochemical. Ham's F-12 medium was from Invitrogen. Fetal bovine serum (FBS) was obtained from Hyclone. Antibodies to p-ERK, ERK, HO-1, COX2, NRF2, NFB, and STAT3 were from Santa Cruz Biotechnology; antibodies to BCL-xL, MCL-1, BCL-2, p-p65, p-STAT3, and p-AKT were from Cell Signaling Technology; and p-NRF2 was from Abcam. Quantitative PCR primers for target genes were obtained from Real Time Primers, LLC. Unless indicated otherwise, chemicals used in experiments were purchased from Sigma.
Harvesting of Human c-Kit ϩ CSCs-hCSCs expressing c-Kit cell surface marker were isolated and purified using atrial appendages from patients during open heart surgery at Albany Medical Center. Our protocol has been approved by the Institutional Committee on Research Involving Human Subjects (Institutional Review Board). All participants in the study provided written informed consent. The procedures were exactly followed as described previously (24, 25) . Briefly, right atrial tissues (100 -400 mg) were minced and enzymatically digested with collagenase II (30 units/ml) at 37°C in a shaking water bath. During the incubation, chopped tissues were mechanically disturbed by gently pipetting several times. After 1 h of incubation, undigested clumps were separated by gravity on ice for 10 min, and the supernatant was carefully transferred into a 15-ml tube. Dissociated cells from digestion were collected by centrifugation at 1200 rpm for 5 min. The cell pellet was suspended and cultured in Ham's F-12 medium supplemented with 10% FBS, 10 ng/ml human basic FGF, 0.005 unit/ml human erythropoietin, 0.2 mM L-glutathione, 100 units/ml penicillin, and 100 g/ml streptomycin. Cells were maintained in a humidified environment at 37°C and 5% CO 2 . The next day, the CSC growth medium was refreshed, and adherent cells were cultured with a medium change every other day. Upon reaching around 80% confluence, cells were sorted using the c-Kit MACS kit according to the manufacturer's instructions (Miltenyi Biotec), expanded, and characterized by FACS anal-ysis to obtain lineage-negative hCSCs. Cell characterization was performed as described previously (24 -26) . Human CSCs from the donor AMC1 were used at passages 8 -15 to perform all the in vitro experiments in this study. The lactate dehydrogenase (LDH) release assay was performed in three extra preparations of hCSCs (AMC3, AMC6, and AMC9).
Priming hCSCs with DETA-NO-hCSCs were trypsinized and subcultured at a density of 2000 -3000 cells/cm 2 in normal 10% FBS, F-12 medium without growth factors prior to experiments. The next day, cells were treated with or without DETA-NO at the indicated dosage for the indicated time period. To determine the optimal conditions, a dose at the range of 5-500 M DETA-NO was applied to prime cells for 12 h and challenged with H 2 O 2 in F-12 serum-free medium thereafter. The cytoprotective effect of DETA-NO preconditioning against oxidative stress was detected by LDH release assay. The following time-dependent experiments were performed by treating cells with 250 M DETA-NO for several time points within 24 h. Based on optimized dose and time for DETA-NO preconditioning, the efficacy of cytoprotection was also examined by withdrawal of DETA-NO for up to 24 h.
Cell Viability Assay-An LDH release assay, a simple approach to measure cellular membrane integrity, was applied to determine the oxidative stress-induced cell death in hCSCs. The procedures were exactly followed according to the manufacturer's instructions from the Cytotoxicity LDH Detection kit (Takara). The day before DETA-NO preconditioning, hCSCs were seeded at a density of 1 ϫ 10 4 /well in a 96-well plate. After treatment, cells were exposed to 2 mM H 2 O 2 for 3 h, an optimized condition following pretesting shown in the Fig.  1A . The plate was then centrifuged at 250 ϫ g for 10 min. 100 l of the supernatant was collected and mixed with an equal volume of pre-prepared solution (catalyst/dye buffer ϭ 1:45) for 30 min at room temperature in a 96-well plate. The absorbance of samples at 490 nm was measured using a Bio-Rad iMark TM microplate reader. The percentage of LDH release for each sample was determined by comparing with the absorbance value from cells pretreated with 0.5% Triton X-100.
Apoptosis Assay-Cell apoptosis was investigated by dual staining of hCSCs with FITC-conjugated Annexin V and propidium iodide (PI) using an Annexin V/Dead Cell Apoptosis kit (Invitrogen). Briefly, hCSCs were plated at a density of 2 ϫ 10 5 /well in a 6-well plate prior to preconditioning. After 12 h of 250 M DETA-NO pretreatment, hCSCs were challenged with or without 1 mM H 2 O 2 in serum-free F-12 medium for 90 min. Cells were then detached by TrypLE solution (Invitrogen), washed twice with PBS, and suspended in 100 l of 1ϫ annexin binding buffer supplemented with 1 g/ml PI and 5 l of Alexa Fluor 488-Annexin V solution. After 15-min incubation at room temperature, 400 l of 1ϫ annexin binding buffer was added with gentle mixing, and samples were immediately analyzed by LSRII flow cytometry (BD Biosciences).
BrdU Cell Proliferation Assay-hCSCs incorporated with BrdU were analyzed by flow cytometry to determine the effect of DETA-NO on cell proliferation ability. Briefly, hCSCs were preconditioned with either vehicle or DETA-NO for 12 h and then refreshed with growth medium supplemented with 10 M BrdU. 48 h later, cells were detached by trypsinization, washed with PBS twice, and fixed with 70% ice-cold ethanol for 1 h on ice. Cells were then permeabilized with 0.5% Triton X-100 for 20 min and treated with 2 M HCl for another 30 min. After sufficient 4ϫ PBS washes, cells were stained with BrdU antibody in 1% BSA, PBS for 2 h followed by the application of a secondary mouse FITC-conjugated antibody for 1 h. On the final PBS wash, 1 g/ml PI was applied to 100 l of suspended cells for 5 min. Cells were subsequently diluted to an appropriate volume in PBS for flow cytometry analysis.
MTT-based Cell Growth Determination Assay-The effect of DETA-NO on cellular growth was evaluated by measuring mitochondrial activity in living cells. The procedures were carried out according to a protocol provided in the MTT assay kit (Sigma). Generally, hCSCs were seeded in a 96-well plate at a density of 0.5 ϫ 10 4 /100 l of culture medium. The next day, cells were preconditioned with vehicle or DETA-NO for 12 h, and medium was then replaced with 100 l of fresh growth medium. 48 h later, 10 l of MTT reconstituted in balanced salt solution (provided by kit) was added to cells in each well (10% of the culture medium volume), and the plate was returned to the incubator for another 3 h of culture. After the incubation period, cultures were removed, and the resulting formazan crystals were dissolved in 100 l of MTT solubilization solution followed by spectrophotometrically measuring absorbance at a wavelength of 570 nm.
Inhibitory Exclusion Assay-To screen and evaluate the important roles of activated survival signaling molecules by DETA-NO preconditioning, pharmaceutical inhibition of ERK (10 M U0126), STAT3 (1 M STATTIC), NFB (5 M Bay117085), PI3K (10 M LY492002), and AKT (0.2 M AKT IV inhibitor) were applied to hCSCs with or without DETA-NO preconditioning. The effects of blocking these signaling molecules were examined by LDH release assay under H 2 O 2 -induced oxidative stress. The roles of NRF2, COX2, and HO-1 were also examined using previously established hCSCs with stable expression of shRNA of these genes.
ROS Measurement-Intracellular ROS levels were detected using the Cellular ROS Detection Assay kit (Abcam). Procedures were performed according to the manufacturer's instructions. hCSCs were detached by TrypLE solution and stimulated with H 2 O 2 (2 mM) for 30 min. The cell-permeable ROS Deep Dye was then added to suspended cells with appropriate dilution (1:1000) as indicated in the protocol, and cells were further maintained at 37°C for another 1 h. After two PBS washes, the intensity of red fluorescence was determined at excitation/ emission of 650/675 nm.
Lentiviral Infection of hCSCs-Specific knockdown of STAT3 and NFB in hCSCs was carried out using shRNA lentiviral particles according to the manufacturer's instructions (Santa Cruz Biotechnology). Both scrambled shRNA and GFP lentiviral particles were also used to infect hCSCs as negative and positive controls. hCSCs were seeded at a density of 1 ϫ 10 5 /well in a 6-well plate 24 h prior to infection. At 50 -60% confluence, cells were refreshed with 2 ml of the culture medium followed by the direct addition of 5 g/ml Polybrene and 20 l of lentiviral particles with gentle orbital shaking. The next day, medium was replaced with normal growth medium for recovery. 48 h after infection, 5 g/ml puromycin was applied to the culture medium in both infected and non-infected hCSCs until all non-infected cells died eventually (2-3 days). To obtain stable transfected cells, hCSCs were further cultured in puromycin-containing growth medium for up to 10 days. By that time, almost 100% of cells with GFP fluorescence were observed in the positive control group. The efficiency of gene knockdown was subsequently confirmed by Western blotting.
RNA Isolation and Quantitative Analysis-Real time PCR was performed to determine the change of antiapoptotic or NFB pathway-related genes in response to DETA-NO preconditioning in hCSCs. Primers used in this study were obtained from RealTimePrimers, LLC. The total RNA of each sample was extracted and purified using the Aurum TM Total RNA minikit (Bio-Rad). The quality and quantity of RNA were detected by a NanoDrop 2000C spectrophotometer (Thermo Scientific). The reverse transcription of 1 g of RNA to cDNA was established using the Bio-Rad iScript TM cDNA Synthesis kit. Samples for real time PCR were prepared according to the manufacturer's instructions in the iQ SYBR Green Supermix kit (Bio-Rad), and real time PCR was run with a Bio-Rad iQ5 optical module. Cycling conditions were as follows: 95°C for 2 min as initial denaturation, 40 cycles of denaturation at 95°C for 15 s, and annealing/extension at 60°C for 40 s. Melt curve analysis was set between 65 and 95°C with 0.5°C increments at 5 s per step. In these experiments, GAPDH was used as internal control gene for quantitative RT-PCR expression analysis.
Immunoblotting-Western blotting analysis was carried out according to a protocol as described previously (27) . After two ice-cold PBS washes, cells were lysed in ice-cold modified immunoprecipitation assay buffer (150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 20 mM Tris-HCl, pH 7.5) with addition of protease and phosphatase inhibitor mixtures. 20 g of protein from each sample was separated on 10% polyacrylamide gels and transferred to PVDF membranes. After blocking with 5% milk in TBST (50 mM Tris⅐HCl, pH 7.4, 150 mM NaCl, 0.1% Tween 20) buffer for 1 h, primary antibodies against specific genes of interest were applied followed by HRP-conjugated secondary antibodies. The chemiluminescence signals were detected using ECL-Plus reagent (GE Healthcare). The ␣-tubulin detected in the same sample was used as an equal loading control. Band density analysis was performed by ImageJ software. All data were normalized to the band density for tubulin.
Statistics-Data are presented as means Ϯ S.D. of results taken from at least three independent experiments. Statistical significance was assessed by analysis of variance using Bonferroni/Dunn test or unpaired Student's t test. A p value less than 0.05 was considered statistically significant.
Results

NO Preconditioning Enhanced hCSC Survival against Oxida-
tive Stress-NO has been shown to have an antiapoptotic role in many types of cells (28 -31) . However, little is known about whether it also plays a preventive role against oxidative stress in cardiac stem cells. Hydrogen peroxide is one of the physiological oxidants in cells, and its excessive production caused by ischemia-reperfusion is capable of inducing further cardiac damage during surgery. To evaluate the effect of H 2 O 2 -induced cellular damage in hCSCs, the levels of LDH release were examined at a dose of 0 -8 mM H 2 O 2 . As shown in Fig. 1A , there was a dose-dependent increase of LDH release, and an induction of 50% of total LDH release was observed when hCSCs were challenged with 2 mM H 2 O 2 for 3 h, the condition used for all the following experiments unless specifically indicated.
To address our hypothesis that NO is cytoprotective for hCSCs, we examined the effect of DETA-NO preconditioning on promoting hCSC survival under H 2 O 2 -induced oxidative stress. By preconditioning hCSCs with DETA-NO (5-500 M) for 12 h, the H 2 O 2 -induced LDH release was significantly alleviated at the dose of 100 M and was further reduced by 70% at the dose of 250 M and stabilized afterward compared with the control group (Fig. 1B) . To assess the optimal preconditioning time, we pretreated hCSCs with 250 M DETA-NO for several time points up to 24 h. As shown in Fig. 1C , pretreating hCSCs with DETA-NO showed a time-dependent decrease of LDH release under H 2 O 2 -induced oxidative stress. The rapid drop of LDH release was detected at 3 h of preconditioning followed by a further significant reduction (ϳ50%) of LDH release at 6 h.
The most reduction (ϳ70%) of LDH release was observed at 12 h of preconditioning, and this cytoprotection remained effective between 12 and 24 h. The LDH release assay was further performed in three extra preparations of hCSCs isolated from different donors/patients whose basic demographic information is listed in supplemental Table 1 . As shown in supplemental Fig. 2 , the LDH release was significantly decreased about 1-fold for these hCSCs preconditioned with 250 M DETA-NO for 12 h compared with the vehicle control, confirming the cytoprotective effect of preconditioning hCSCs with NO donor in multiple lines.
To evaluate the time length of the cytoprotective effect after DETA-NO preconditioning, pretreated hCSCs (250 M DETA-NO for 12 h) were refreshed with normal cell culture medium for the indicated time points up to 24 h. Compared with the vehicle group with H 2 O 2 stimulation, we observed a gradual decrease in cytoprotection starting from 70% reduction of LDH release at 0 h to a 25% reduction at 12 h ( Fig. 1D ). There was no significant difference of LDH release between the vehicle group and the DETA-NO preconditioned hCSCs with more than 12-h recovery. In a parallel study using another NO donor, S-nitroso-N-acetyl-DL-penicillamine, we found that preconditioning hCSCs with S-nitroso-N-acetyl-DL-penicillamine exhibited the similar dose-and time-dependent cytoprotective effect against H 2 O 2 -induced cell death (supplemental Fig. 1 ). To verify the specific role of NO in hCSCs, we also introduced 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (NO scavenger) into cells and found that the protective effect of NO was completely diminished (Fig. 1E ). These data indicate that preconditioning hCSCs with 250 M DETA-NO for 12 h is the most effective in prevention of cell death under oxidative stress. Therefore, these optimized conditions for hCSC pretreatment were applied in the following experiments (unless otherwise specified).
To further evaluate the functional role of DETA-NO preconditioning in promoting hCSC survival, we applied an effective approach to examine cell apoptosis by staining cells with Annexin V-FITC and PI. Flow cytometry analysis showed live cells with double negative staining in the Q3 area and early apoptotic cells with single annexin V staining in the Q4 area, whereas cells with dually positive Annexin V/PI staining in the Q2 area indicated necrosis or later apoptosis ( Fig. 2A ). In the normal condition (without H 2 O 2 stimulation), there was no significant change of live cells (92.9 Ϯ 0.25 versus 93.7 Ϯ 0.99%), apoptotic cells (3.9 Ϯ 0.78 versus 3.6 Ϯ 0.53%), and necrotic cells (2.8 Ϯ 0.88 versus 2.3 Ϯ 0.88%) between the DETA-NOpreconditioned group (hCSCs-PC) and the control group (hCSCs). With 1 mM H 2 O 2 stimulation for 90 min, 25 Ϯ 2.19% total cell death (defined as the difference between live cells and total cells) was observed in the control group, whereas the preconditioned group exhibited a significant reduction of total cell death (17.1 Ϯ 1.65%). To specifically look at the type of cell death under oxidative stress, we observed that H 2 O 2 -induced cell apoptosis in the preconditioned group was significantly decreased by 50% compared with the control group. However, there was no significant difference for necrotic cells between these groups (Fig. 2B ). Taken together with data from LDH release assays, these results suggest that preconditioning hCSCs with DETA-NO greatly improves cell survival.
Based on the functional study, it seemed that DETA-NO preconditioning efficiently attenuated H 2 O 2 -induced cell death, mainly via antiapoptotic mechanism. To confirm this, antiapoptotic gene expression was investigated by quantitative PCR using a PCR primer library screening. As shown in Fig. 2C , a 2-3-fold increase was detected in the gene expression of BCL-xL, BCL-2, BCL2-A1, BAG4, and MCL-1 in response to DETA-NO preconditioning. Protein levels of the most up-regulated genes, BCL-xL, BCL-2, and MCL-1, were subsequently examined by Western blotting. Consistent with LDH release assay results, DETA-NO preconditioning seemed to influence the expression of these three proteins in a highly dose-and time-dependent manner (Fig. 2 , D and E, and supplemental Fig.  3, A and B ). We observed that these antiapoptotic genes reached their peak expression levels when hCSCs were pretreated with 250 M DETA-NO for 12 h, which is the same condition that exhibited the best survival ability in the aforementioned functional assays. Moreover, gradual decreases of BCL-xL and MCL-1 expression, along with extended recovery APRL 29, 2016 • VOLUME 291 • NUMBER 18 time, were also observed when preconditioning medium was withdrawn ( Fig. 2F and supplemental Fig. 3C ). These data indicate that the promotion of hCSC survival by DETA-NO preconditioning may be influenced by the activation of antiapoptotic genes.
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DETA-NO Preconditioning Has No Effect on Cellular Abilities of hCSC Proliferation and Differentiation-The purpose of this in vitro work is to explore a strategy to improve hCSC survival and its efficacy for cardiac repair after cell transplantation. To exclude the concern that this pretreatment could lead to side effects on cell regenerative abilities, cardiac lineage gene expressions were first examined following DETA-NO preconditioning. As shown in Fig. 3A , there were no significant differences in the expression of cardiac genes, including cardiac troponin T (cTNT), GATA4, MEF2C, NKX2.5, MYH6, and RYR2, between preconditioned and non-conditioned hCSCs. To evaluate the effect of DETA-NO on cell proliferation ability, both a BrdU cell proliferation assay and MTT assay were performed. After DETA-NO preconditioning, hCSCs were cultured in the normal growth medium supple-mented with 10 M BrdU for 3 days. As presented in Fig.  3B , there was no significant difference of BrdU ϩ /PI ϩ cells between non-conditioned and preconditioned groups (85.68 Ϯ 1.88 versus 81.78 Ϯ 2.09%). This result is consistent with what was found in the MTT assay (Fig. 3C) .
To examine whether DETA-NO preconditioning alters cellular capacity for differentiation in vitro, hCSCs were preconditioned with either vehicle or DETA-NO, and then cells were refreshed in the differentiation medium for continuous culture for 3 weeks (4). In comparison with undifferentiated hCSCs, there was a dramatic increase in gene expression of Troponin I after differentiation in both DETA-NO-treated and vehicle-treated hCSCs with no difference between these two groups (Fig. 3D) . A similar result was also observed for expression of MG53 protein, which is known to be highly expressed in mature muscle cells but not in cells at stemness stage (Fig. 3E ). Taken together, these results offer assurance that DETA-NO preconditioning has no adverse effect on the cell regenerative abilities in terms of proliferation and differentiation in hCSCs. 
DETA-NO Preconditioning Activated Multiple Cell Survival
Signaling Pathways-Although up-regulation of antiapoptotic genes induced by DETA-NO pretreatment was observed, it remained unknown which specific cell survival signaling pathway was involved in the NO-induced antiapoptotic effect. In our previous study, we demonstrated that preconditioning hCSCs with cobalt protoporphyrin (CoPP), an HO-1 inducer, enhanced cell survival via activation of NRF2 and COX2 signaling pathways (27) . However, it was unclear whether these two signaling molecules were also activated by DETA-NO preconditioning and played similar roles in mediating hCSC survival. In response to DETA-NO preconditioning, expression of COX2 and HO-1 and p-NRF2 activation were found to be concomitantly elevated in both dose-and time-dependent manners, reaching their peak levels when hCSCs were treated with 250 M DETA-NO for 12 h (Fig. 4, A and B , and supplemental Fig. 4, A and B ). In the recovery experiments, DETA-NO-induced up-regulation of COX2 and HO-1 expression, and p-NRF2 activation also appeared to gradually decrease with the extension of time after DETA-NO withdrawal ( Fig. 4C and supplemental Fig. 4C ). The following functional study was carried out using previously established hCSCs with stable expression of shRNAs to knock down NRF2, COX2, and HO-1 (27) . Interestingly, knockdown of COX2 and HO-1 did not show a significant effect on NO-induced cytoprotection. Inhibition of NRF2 partially diminished the NO-induced cytoprotective effect with significance, but the effort seemed to be marginal (Fig. 4D) . When hCSCs were recovered after DETA-NO preconditioning for 24 h, the NO-induced antiapoptotic effect was not detected, and knockdown of NRF2, COX2, and HO-1 also did not exhibit a significant difference in H 2 O 2 -induced LDH release compared with the control group (Fig. 4E) . These results indicate that NRF2, COX2, and HO-1 are up-regulated by DETA-NO preconditioning but may not play a major role in mediating NO-induced ant-apoptotic effects in hCSCs.
Despite up-regulation of COX2 and HO-1 expression as well as activation of NRF2 by the NO donor, it seems that promoting hCSC survival by carbon monoxide (CO) donor or NO donor preconditioning is mediated via activating divergent survival signaling pathways. To reveal the key signaling pathway involved in the NO-induced antiapoptotic effect, several well established survival signaling molecules were screened by Western blotting (Fig. 5 and supplemental Fig. 5 ). A dose-dependent activation of NFB-p65, STAT3, ERK, and AKT was detected when hCSCs were preconditioned with increasing concentrations of DETA-NO ( Fig. 5A and supplemental Fig.  5A ). Elevated activities of phosphorylation of these molecules also appeared in a time-dependent manner in response to DETA-NO preconditioning ( Fig. 5B and supplemental Fig. 5B ). In addition, the activity of each individual survival molecule was examined at different recovery time points after withdrawal of DETA-NO. As shown in Fig. 5C and supplemental Fig. 5C , ERK activity was significantly increased at 0 h in comparison with the non-treated group. Its phosphorylation level was further elevated at 4 h, peaked at 8 h, and returned to the basal level at 24 h after preconditioning medium was refreshed. In contrast, APRL 29, 2016 • VOLUME 291 • NUMBER 18
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the phosphorylation of AKT rapidly decreased immediately after preconditioning. NO-induced activation of p65 and STAT3 appeared to be rather stable within 12 h of recovery, but their phosphorylation levels were sharply decreased at 24 h after recovery. Western blotting analysis shows that preconditioning hCSCs with the NO donor is capable of activating the phosphorylation of NFB-p65, STAT3, ERK, and AKT. The NO donor-induced beneficial effects thus may be caused by up-regulation of these and other survival signaling molecules.
To evaluate the functional roles of survival signaling proteins in NO-induced cytoprotection, an inhibition exclusion assay was performed by introducing pharmaceutical inhibitors to block activity of each of the aforementioned survival signaling molecules, and then effects were examined by LDH release assay. The H 2 O 2 -induced cytotoxicity (ϳ50% of total LDH release) was dramatically decreased by 70% when hCSCs were pretreated with DETA-NO. The preventive effect of DETA-NO preconditioning was greatly diminished by an NFB blocker (Fig. 6A) . When Bay117085, an NFB inhibitor, was applied to hCSCs, an increased induction of H 2 O 2 -induced cytotoxicity (ϳ70% of total LDH release) was detected. Blocking STAT3 and ERK activation by STATTIC and U0126 also significantly impaired the NO-induced cytoprotective effect, although their effect on non-preconditioned hCSCs did not appear to be significantly different (Fig. 6, B and C) . We also examined the PI3K-AKT signaling pathway, which is well known for its important role in supporting cell survival. As shown in Fig. 6 , D and E, compared with the positive vehicle group, inhibiting the activities of both PI3K and AKT by LY294002 and AKT IV caused greater induction of cellular cytotoxicity, resulting in about 70 and 75% total LDH release, respectively. However, in hCSCs with DETA-NO preconditioning, the inhibitor for AKT, but not that for PI3K, showed an adverse effect on NO-induced cytoprotection, indicating that PI3K is not involved in NO-induced AKT activation. According to results obtained from the inhibitory exclusion assays, blocking NFB and STAT3 activation diminished the NO-induced cytoprotective effect with the most efficiency, suggesting that these two molecules have important roles in the regulation of cell antiapoptosis by DETA-NO preconditioning.
Both STAT3 and NFB Played Essential Roles in Promotion of DETA-NO-mediated hCSC Survival-Activation of phosphorylation of STAT3 and NFB by NO donor seemed to be important in promotion of hCSC survival against oxidative stress. To further confirm their functional roles and investigate the potential mechanisms involved in NO-induced cytoprotective effect, hCSCs with specific gene knockdown by shRNA were applied in the following study. As described in Fig. 7A , hCSCs were infected with lentivirus expressing scrambled shRNA, STAT3 shRNA, or NFB-p65 shRNA. The efficiency of knocking down STAT3 and NFB-p65 was evaluated and confirmed by Western blotting, which showed about 90 and 80% decrease of gene expression, respectively (Fig. 7B) . Compared with hCSCs infected with scrambled shRNA, cells expressing STAT3 shRNA and NFB-p65 shRNA showed a slightly higher induction of H 2 O 2 -induced cell death as assessed by LDH release assay. The H 2 O 2 -induced cytotoxicity was significantly lowered when exposed to 100 M DETA-NO preconditioning and was further decreased with the 250 M dose. However, the NO-induced cytoprotective effect was significantly attenuated in hCSCs with stable expression of knockdown shRNAs for STAT3 and NFB-p65 (Fig. 7C) . This result was similar to the findings from the inhibition exclusion assays using pharmaceutical inhibitors of STAT3 and NFB-p65.
By gene silencing, the functional roles of STAT3 and NFB in NO-induced antiapoptosis pathways were further investigated using an Annexin V/PI apoptosis assay. Under normal condition without oxidative stress, hCSCs expressing scrambled shRNA, STAT3 shRNA, or NFB-p65 shRNA showed more than 90% live cells with no significant difference regardless of exposure to DETA-NO pretreatment (data not shown). However, oxidative stress induced by H 2 O 2 caused 21.3 Ϯ 1.45% of cells in the scrambled control group to be apoptotic and 23.7 Ϯ 3.53 and 23.6 Ϯ 1.30% apoptotic cells in the STAT3 knockdown and NFB knockdown groups, respectively. In DETA-NO-preconditioned hCSCs, there was a 50% of reduction of apoptotic cells (10.9 Ϯ 1.42%) in the scrambled control group. The antiapo-ptotic effect was significantly impaired in cells with knockdown of STAT3 and NFB, both of which showed 19.6 Ϯ 1.03 and 20.8 Ϯ 3.84% apoptotic cells, respectively (Fig. 7, D and E) . Combined with data from LDH release assays, this evidently confirmed that STAT3 and NFB are two essential signaling molecules involved in NO-mediated hCSC survival.
The functional results show that inhibition or knockdown of the NFB survival signal molecule most effectively impeded NO-mediated cell survival. Knowing this, we then utilized quantitative PCR array to examine NFB-related gene expression in response to DETA-NO preconditioning. As shown in Fig. 8A , there was a global increase in NFB-related gene expression in hCSCs after 12-h DETA-NO preconditioning compared with the vehicle group. These up-regulated genes were dramatically decreased after 24 h of recovery, which was consistent with our aforementioned functional experiments. A screening assay showed that mRNA levels of multiple cell survival genes were elevated when hCSCs were preconditioned. Quantitative PCR analysis confirmed that DETA-NO preconditioning in hCSCs led to a significant 2-3-fold increase of expression in the genes REL/RELA/RELB, IKBKA/IKBKB, LTA/LTB, and TLR1/TLR2 (Fig. 8B) .
Although activation of STAT-3 and NFB was required in the NO-induced antiapoptotic effect, the potential regulatory pathway in this process remained unknown. To elucidate this mechanism, hCSCs with stable knockdown of STAT3 and NFB-p65 were preconditioned with or without DETA-NO for 12 h, and relevant protein expression and activation were determined by Western blotting analysis. As presented in Fig. 8 , C and D, disruption of STAT3 expression completely abolished the NO-induced activation of ERK and AKT but did not alter their total protein expression levels compared with the scrambled shRNA control group. Nevertheless, knockdown of STAT3 significantly decreased expression (both basal and NOinduced) of HO-1 and COX2 as well as of the antiapoptotic genes BCL-2 and MCL-1. Inhibition of NFB-p65 similarly showed a significant attenuation in both basal and NO-induced expression of HO-1, COX2, and MCL-1. However, it was of great interest to find that knockdown of NFB-p65 further impaired the activities of ERK and AKT as well as BCL-2 rather than simply inhibiting their phosphorylation and protein expression in DETA-NO-preconditioned hCSCs (Fig. 8, C and  D) . This indicates that NO may play an apoptotic role in the absence of NFB. Nevertheless, it was also noticed that preconditioning hCSCs with DETA-NO significantly decreased H 2 O 2 -induced excessive ROS production ( Fig. 8E) , indicating the antioxidant effect after preconditioning with DETA-NO.
Based on the results collected in this study, we propose that DETA-NO preconditioning is capable of promoting hCSC survival against oxidative stress. The mechanism involved seems to initially phosphorylate ERK and AKT, subsequently activate of STAT3 and NFB, and eventually up-regulate antioxidant proteins HO-1 and COX2 as well as antiapoptotic genes BCL-2, BCL-xL, and MCL-1 (Fig. 8F ). Disruption of STAT3 and NFB impairs downstream antioxidant and antiapoptotic gene expression but also inhibits upstream ERK and AKT activity via a negative feedback loop, demonstrating that STAT3 and NFB both have essential roles in regulation of NO-mediated cell survival.
Discussion
Divergent strategies to enhance the survival of donor cells have been reported, including hypoxia or anoxia conditioning (32) , overexpression of growth factor (33), induction of antiinflammation, and heat shock treatment (34) among others. In our previous study, we demonstrated that hCSCs exposed to CoPP exhibited a better performance against apoptosis (27) . Here, we use an alternative approach to prime hCSCs with an NO donor, and our results support our initial hypothesis that preconditioning hCSCs with DETA-NO is capable of activating multiple survival signaling molecules, including ERK, AKT, STAT3, and NFB, as well as mediating antiapoptotic gene expression (BCL-2, BCL-xL, and MCL-1) and eventually inhibiting apoptosis under oxidative stress.
NO and its functional roles in the cardiovascular system have been well studied in recent years. Since it was revealed as a signaling regulator for vasodilation in early studies, numerous other biological functions of NO have been characterized, including inhibition of smooth muscle cell proliferation and migration (35, 36) , suppression of platelet aggregation and leukocyte adhesion to endothelium (37, 38) , and prevention of endothelial cell apoptosis (39) . Substantial generation of NO induced by ischemic preconditioning, cardiac overexpression of inducible NOS, or extracellular superoxide dismutase has been reported to reduce infarct size after ischemia-reperfusion injury in animal model (40 -42) , suggesting a proactive role in facilitating myocyte resistance to cell death. However, the role of NO in stem cells is less understood. There are studies on embryonic stem cells showing the beneficial effect of NO in promoting cell survival and facilitating stem cell differentiation into myocardial cells (43, 44) . No report to date has looked at the precise role of NO in CSCs. Here, we demonstrate that exposure of hCSCs to NO donor effectively improves cell ability to resist oxidative stress-induced cell death by both LDH release assay and cell apoptosis assay with Annexin/PI staining. Meanwhile, the up-regulated expression of BCL-2, BCL-xL, and MCL-1 confirmed that this cytoprotection was due to an NO-induced antiapoptotic effect. The role of NO in promotion of hCSC survival therefore is quite convincing. Although NO has also been reported to induce apoptosis in some studies, it is worth noting that this adverse effect may be due to the different dose of NO or exposure time used in the specific experiments (45, 46) . Based on cumulative studies to date, the discrepancy is now rather resolved and seems to indicate that NO has important roles in modulation of cell proliferation and antiapoptotic response at a low level and that a high level of NO likely induces the opposite effects (47) . Thus, it is of the utmost importance to optimize dose and time for DETA-NO preconditioning.
As noted, our strategy to improve hCSC survival is via DETA-NO preconditioning. It is necessary to evaluate whether preconditioning hCSCs with DETA-NO alters cellular capacities such as proliferation and differentiation. To answer the question, the expression of cardiac genes was examined in hCSCs. Our data indicated that short term exposure of hCSCs to NO donor has no effect on these gene expressions. Both BrdU incorporation assay and MTT assay also demonstrated that there was no difference in cell proliferation ability between non-preconditioned and preconditioned groups. The cell differentiation capacity was confirmed by examining mature cardiac gene and protein expression, which showed that there was no side effect of DETA-NO preconditioning. Collective results suggest that short term preconditioning of hCSCs improved cell survival without alteration of cell proliferation and differentiation capacities.
Knowing that NO is capable of promoting hCSC survival via antiapoptotic effects, it then was essential to understand the molecular mechanism behind this process. Our previous study revealed that exposure of hCSCs to CoPP enhanced cell resistance to oxidative stress-induced apoptosis via activation of NRF2 as well as overexpression of COX2 and HO-1 (27) . Upon review of the literature, it was found that these CoPP-up-regulated molecules may also be involved in the NO signaling pathway. Several studies have demonstrated that NO activates NRF2 through S-nitrosylation of KEAP-1, leading to expression of detoxifying enzyme and protective genes, including HO-1 (48 -51) . NO also serves as a signal messenger to induce COX2 expression in different cell types (52) (53) (54) as well as ERK/p38dependent expression of HO-1 (55, 56) . Our data showing that DETA-NO preconditioning induced overexpression of COX2 and HO-1 as well as phosphorylation of NRF2 in hCSCs were consistent with these studies. Interestingly, disruption of COX2 and HO-1 expression did not exhibit any attenuation of the cytoprotective effect, and knockdown of NRF2 only slightly impaired the NO-induced antiapoptotic role. There are additional in vivo studies confirming that COX2 and HO-1 play important roles in NO-mediated cardioprotection (57, 58) . Although these molecules are up-regulated by NO in hCSCs, our results suggest that NRF2, COX2, and HO-1 may not play dominant roles in NO-mediated antiapoptosis.
To determine the main survival signaling molecules involved in NO-induced antiapoptosis, ERK, AKT, STAT3, and NFB-p65 were selected as targets because these molecules have been implicated involving in the NO signaling pathway in other studies (18 -21) . The Western blotting results showed that DETA-NO preconditioning up-regulated phosphorylation of ERK, AKT, STAT3, and NFB-p65, and their levels were increased in a dose-and time-dependent manner, consistent with similar patterns observed in regulated antiapoptotic gene expression and functional assays. Blocking activity of these molecules by pharmaceutical inhibitors elucidated their importance in supporting cell survival via the NO signaling pathway. Particularly, inhibition of STAT3 and NFB exhibited significantly impaired NO-mediated antiapoptosis, demonstrating their dominant roles in this cytoprotective mechanism.
STAT3 and NFB are transcriptional factors involved in regulating the expression of a variety of genes in response to cell stimuli. STAT3 belongs to the STAT family of proteins with at least seven members identified so far, and NFB is recognized as a stress-regulated transcription factor belonging to the REL family. Numerous studies on these two transcription factors have unmasked their divergent roles at various conditions, and emerging evidence suggests that both STAT3 and NFB are able to mediate cell survival in various types of cells (59 -62) . However, their roles in hCSCs are poorly understood. By specific knockdown of STAT3 and NFB-p65, we confirmed that suppressing expression of both genes abrogated the DETA-NO-induced antiapoptotic effect at the functional level. Previous studies looking at the molecular level have shown that STAT3 and NFB are two vital factors for inhibiting cellular apoptosis via mediation of antiapoptotic gene expression (63) (64) (65) . Moreover, these two proteins seem to act as upstream regulators to induce COX2 and HO-1 expression, eventually enhancing cell survival (66 -69) . Consistent with these findings, our results revealed that knockdown of STAT3 and NFB-p65 substantially decreased NO-modulated COX2 and HO-1 expression as well as expression of BCL-2 and MCL-1 in hCSCs. Suppression of STAT3 also completely inhibited NO-induced phosphorylation of ERK and AKT, both of which are upstream of STAT3, suggesting that a negative feedback regulatory mechanism was involved. Suppression, rather than inhibition, of NFB-p65 further impaired the basal phosphorylation levels of ERK and AKT. The cause of this phenomenon is unclear.
It is likely that NO could induce cellular damage via an unknown mechanism in the absence of NFB. An NFB library screening assay showed a global increase in mRNA levels of NFB family members (REL, RELA, RELB, IKBKA, and IKBKB), TNF family members (LTA and LTB), and Toll-like receptor members (TLR1 and TLR2). These up-regulated genes have been implicated to play roles in cell survival as well, further demonstrating the beneficial effect of DETA-NO preconditioning in conferring hCSCs with apoptosis resistance abilities. It is worth noting that DETA-NO preconditioning also exhibited the beneficial effect of lowering H 2 O 2 -induced ROS levels. Although its regulatory mechanism remains unidentified, the cytoprotective effect of NO via up-regulation of antiapoptotic pathways as well as the reduction of oxidative stress in hCSCs is clearly illustrated.
To understand the potential molecular mechanism, the current study was mainly focused on the above specific survival signal pathways because our aim is to examine whether preconditioning hCSCs with NO donor will enhance the cell survival ability. However, we cannot exclude many other pathways that were potentially associated with the NO donor-mediated cyto-protective effect in hCSCs. It would be very interesting to further explore the other pathways in a separate study in the future. Meanwhile, the cytoprotective effect of preconditioning hCSCs with DETA-NO has been confirmed in multiple cell lines. It was noted that different lines of hCSCs exhibited different levels of cytoprotective effect following DETA-NO preconditioning, which may be due to the distinct medical or genetic background for different patients, including age, sex, diabetes, etc. It would be interesting to further study how these different factors affect the effectiveness of stem cell therapy with or without preconditioning with NO donor.
Since the discovery of c-Kit ϩ /Lin Ϫ CSCs with commitment to cardiac cells, these cells have become a potentially promising cell population for cardiac repair. In the past decade, a series of CSC transplantation assays in vivo with different models of myocardial damage have been tested using various mammals (5) (6) (7) (8) have shown positive results, demonstrating the beneficial effect of cell transplantation for cardiac function improvement. An early stage human clinical trial has also shown encouraging results in the use of autologous CSCs in patients with heart failure (9) . With emerging evidence, c-Kit ϩ CSCs are thought to be necessary and sufficient for cardiac regeneration and repair (70) . However, those results have shown small albeit significant functional improvements in the heart. One of the main challenges the loss of cells during transplantation and subsequent poor cell survival rate. Here, we demonstrate a simple and efficient strategy to enhance donor cell survival by preconditioning with an NO releaser. This temporary exposure of CSCs to NO can effectively improve cell viability with no adverse effect on its proliferation and differentiation abilities.
Recently, there has been a controversial debate about CSC commitment to cardiomyocytes. A study by Molkentin and coworkers (71) has shown that c-Kit ϩ cells minimally contribute to cardiomyogenesis but amply generate cardiac endothelial cells. A genetic c-Kit lineage tracing study from another laboratory has also shown that these c-Kit ϩ cells exhibit endothelial markers (72) . These results suggest that the proportion of cardiomyocytes derived from c-Kit ϩ cells are limited. Although these interesting findings urge us to redefine the physiological role of c-Kit ϩ CSCs in the heart, it is still evident without a doubt that there is a beneficial effect of using c-Kit ϩ donor cells to improve cardiac function. Therefore, enhancing survival and maintenance of cells in the heart after transplantation will definitely improve the efficacy for cardiac repair.
Our recently published data (26) also showed that limited, newly formed cardiomyocytes were derived from transplanted hCSCs. Although preconditioning hCSCs with the HO-1 inducer CoPP led to more in vivo cell survival/retention after cell transplantation, the majority of surviving hCSCs were negative for staining of mature cardiac markers (26) . Thus, the therapeutic effect of cardiac stem cell therapy may mainly be due to the mechanism of paracrine effect because a global increase of cytokine expression was observed in preconditioned cells (27) . The focus of our current research is to enhance the effectiveness of cardiac stem cell therapy by improving cell survival with the NO donor. Our rationale is that greater cell survival will result in greater cytokine release, which may lead to the promotion of endogenous cardiac stem cell survival or regeneration. However, the other possibilities, such as the release of microRNA and exosomes, cannot be excluded as potential mechanisms to explain the therapeutic effect of cardiac stem cell therapy. Elucidating this very important issue will require a considerable effort, likely spanning many years, which is beyond the scope of the present study. This is the first conclusive study to address the pivotal role of NO in suppression of oxidative stress-induced cell apoptosis for hCSCs. We are also the first to suggest that the regulatory mechanism involved activates STAT3/NFB signaling pathways and regulates downstream antiapoptotic gene expression. Our functional assay demonstrated clearly that in vitro preconditioning of hCSCs with the NO donor DETA-NO substantially enhances cell survival, suggesting that this may be utilized as a simple and effective strategy to improve the efficacy of CSCbased therapies for heart disease. In the future, it will be interesting to examine the in vivo survival of hCSCs enhanced by DETA-NO preconditioning and conduct a thorough analysis of the molecular mechanisms elucidated here in immunodeficient mouse hearts following acute myocardial infarction.
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